The focus of this paper is a preliminary study intended as the first phase in the development of a pressurized rover conceptual design. NSBE Space has concluded that pressurized rovers will be necessary for any large scale lunar presence. Rover missions include both local transportation between the lunar base and lunar landers as well as surface expeditions away from the base focused around scientific research or commercial industry activities. The paper provides a brief assessment of design concepts for rover vehicle systems. This rover is a traditional configuration of a pressure vessel mounted above a drive mechanism (Eckart, 1999) , but is larger than many of the traditional concepts based on the MOSAP configuration, such as LUNOX (Joosten, 1994) .
Introduction
Project Arusha is a research initiative of the Space Special Interest Group of the National Society of Black Engineers (NSBE Space). Its centerpiece is Moonbase Arusha, a conceptual design for a 48-person lunar facility, intended as an international government/commercial venture to be deployed in the timeframe after the NASA Exploration initiatives. Arusha is Kiswahili for "He makes fly (into the skies)". Its purpose is to accelerate the commercial use of the Moon, in line with the provisions of the National Aeronautics and Space Act. This paper assumes a Moonbase Arusha configuration including six pressurized rovers, with rotating maintenance down periods, such that four rovers are available at any given time. A pressurized garage facility is assumed, allowing for major servicing of one rover and minor servicing for a second rover at any given time. The paper further assumes a satellite constellation providing constant line of sight communications throughout the maximum possible rover traverse ranges. Finally, the paper assumes that the lunar base includes docking ports where the pressurized rovers can dock with base elements, allowing pressurized transfer between the rover and the base.
Mwezi, Moon Mission Control
Mwezi is the preferred control center of Moonbase Arusha. Dunia will be the backup to this control center should problems occur. All subsystems can be commanded/controlled from this location, including the rovers. Mwezi will be the 'everyday' center, responsible for executing missions, following flight schedules, and maintaining the rovers and facility. Though this is the preferred center of activity, Mwezi will be in nearly constant communication with Dunia. Subsystems on Mwezi will be mirrored on Dunia, thus the positions in Dunia will have Mwezi counterparts.
Jahazi, Rover Onboard Mission Control
Jahazi will be more of a micro-center located within each rover and is primarily autonomous with reconfigurable levels of crew oversight. The rover will be equipped with a high level form of artificial intelligence that will perform self-diagnostic and troubleshooting functions as well as send and receive information to and from Mwezi and other control centers. The crew will interface with Jahazi via the work stations in the forward section (described later). Jahazi operates on the network associated with the pressurized rover computer architecture discussed in the Computer Architecture section of this paper.
Communications
Currently, NASA is developing an integrated communication system for exploration incentives (Spearing, 2005) . The system will extend from the near-Earth orbit to lunar orbit and beyond. The architecture includes low-rate/high-rate data and user links, relay links, and proximity links. It will provide continuous communication between the Earth and the Moon. To help facilitate this communications need, a new technology called software defined radio (SDR) is under consideration for implementation (Schier, 2005) . SDRs are capable of meeting the changing requirements and specifications for various communication standards without changing the radio hardware. SDR technology will provide Arusha increased flexibility within the communication system without utilizing different radio hardware, which is a costeffective approach for meeting future requirements.
Power, Drivetrain, & Mechanisms

Power System
The power needs for the pressurized rover will be handled by a proton exchange membrane (PEM) fuel cell power system. The electrical energy produced by the fuel cell stack(s) can be fed to the motor inverter directly. In some cases, it may be attractive to use a buffer system, such as a battery, super capacitor or fly wheel. The buffer will supply peak power. This may be needed during start-up, or during acceleration. The buffer can also be used to absorb energy during regenerative braking.
Drivetrain
The drivetrain that will be utilized for the rover will be a four wheel independent suspension with a split front and rear differential and a modified "Tri-Wheel" design for the front wheel, as shown in Figure 1 .
Figure 1. Illustrations of Drivetrain Concepts
The "Tri-Wheel" design was developed in 1967 (Tri-Star Wheel Design). It enables the vehicle to traverse rough terrain, as to be expected with the rover. The suspension to the wheel assemblies also resembles an Ackerman Steering system (Auto Ware Inc.). This concept is such that all four wheels are turning providing a tighter turn radius, as suggested by the graphic in Figure 2 :
Docking Systems
The rover will connect to Moonbase Arusha, lunar landers, and other rovers with a variation on the Common Berthing Mechanism (CBM) used to connect modules on the International Space Station. The rover will not dock in the true sense of the word. Instead, the rover will maneuver to a target position and extend an androgynous berthing ring towards the counterpart ring on the other vehicle or module. The rover's CBM is connected to the rover via a flexible, inflatable fabric, comparable to the fabric of a spacesuit and forming a docking tunnel to the other vehicle or module. The flexibility will allow the rover to correct for angular and lateral misalignments between the two CBMs. In any docking, the rover can act as the active or passive vehicle.
Structures & Radiation Protection Structure and Structural Materials
Few choices exist for structural material for the spacecraft pressure vessel. Historically, aluminum has been the material of choice for manned space vehicles and will be utilized here. This structure is mounted above the rover drivetrain. The principal secondary structure is a Docking Tunnel that allows the rover to dock with other vehicles and surface elements. For this structure, inflatables are a more logical choice because the use of an inflatable allows the use of mechanical actuators to extend, rotate, and angle the berthing mechanism to make a good seal with the other vehicle or element, despite the interference of uneven terrain. The Docking Tunnel is mounted to the airlock, in the rear of the vehicle, and uses an androgynous CBM to attach to its docking target.
Radiation Protection
According to NOAA, S3 (strong) solar radiation storms can occur at a frequency of ten per solar cycle. (NOAA, 2005) Because these events can occur without warning and may last for a day or longer, the rover must be designed with the assumption that one of these events will occur while a crew is onboard and is too far from Arusha to return to the safety of the Moonbase. Consequently, the rover must provide protection against solar radiation. It is important to determine a level of protection to provide. Too much protection can arguably drive the rover mass above reasonable levels, while too little can produce an unacceptable risk of crew fatalities. NOAA predictions indicate S3 solar storms have a frequency of ten per cycle, S4 storms at three per cycle, and S5 at less than one per cycle. (NOAA, 2005) While the S5 is the worst case, it is sufficiently rare that it need not be a design driver for the rover, though S5 protection should be available at the base. S4 is more likely, but still fairly unlikely. The risk of an S3 event is more than three times that of an S4, however, and it is probably a reasonable level of protection to provide. Thus, the rover pressure vessel will be designed to provide crew protection from an S3 storm.
Computer Architecture
The pressurized rovers will use a dual-string computer configuration for redundancy and reliability. Each primary computer will be a RAD PowerPC 750 running a real-time, multi-tasking operating system. This computer will be backed up by a redundant PowerPC 750. These radiation-hardened, 166 MHz processors provide a certain immunity to single event upsets (SEUs) and offer a considerable capability for error detection and correction (EDAC).
Each computer will be programmed to handle all necessary command and data handling associated with rover teleoperation, autonomous navigation, docking, life support system monitoring, rover heath monitoring, etc. Depending on the load that required functionally demands, additional special purpose computers may be added to form a network of special purpose distributed processors. The crew will also be equipped with networked laptops and wall mounted, reconfigurable screen displays. Onboard computers and networks will operate within the framework of the Jahazi control center described earlier.
Lunar Navigation Systems
The Arusha pressurized rover concept employs a lunar navigation system that provides for autonomous navigation without the use of navigation beacons or other external systems. Below we describe a representative guidance, navigation, and control (GNC) sensor suite and navigation approach.
Sensor Suite
Sensors for lunar navigation and mobility include stereo camera sets, star tracker, LIDAR, and mm-wave radar as well as an inertial measurement unit (IMU) and mobility drive system and suspension sensors such as wheel encoders and potentiometers. Stereo cameras (forward and rearward at a minimum) will be used for terrain perception and surface navigation. This will be supplemented by LIDAR for accurate 3D terrain modeling supporting terrain hazard detection and avoidance, and by mm-wave radar for detection of dust pits and similar negative obstacles that cannot be detected using stereo vision or LIDAR. LIDAR and mm-wave radar may be used for night-time navigation. For close proximity docking operations, stereo vision will be used aided by visual fiducials on docking elements and augmented with infrared proximity sensors.
Lunar Surface Navigation
The navigation system must be able to operate autonomously and via teleoperation as well as in mixed modes between these extremes. The navigation sensor data and data products may be used to supplement a crew member's own perception of the terrain when the rover is driven by a crew member onboard or via teleoperation remotely. At all times, the autonomous control system may be overridden by a crew member onboard as a transition to manual driving mode, or off-board as a transition to teleoperation mode
ECLSS & Thermal Cabin Atmosphere
As suggested by Howard (2002) , the rover will use an internal cabin atmosphere of 68-kPa with 28% oxygen, 72% nitrogen content. Assuming an EVA suit pressure of 35 kPa using pure oxygen, this will result in an R-factor of 1.4 and will not require any prebreathe time for EVA. An open loop, stored oxygen and nitrogen system is assumed for atmospheric management. With the relatively short duration missions of the pressurized rover, the recycling benefits of a closed loop system do not outweigh the mass penalties. Lithium hydroxide canisters will be used to remove carbon dioxide from the atmosphere. An environmental monitoring system will monitor the cabin atmosphere for the presence of harmful or toxic elements such as lunar dust, smoke, or other contaminants.
Thermal Control
The internal thermal control system (ITCS) will be responsible for maintaining internally-mounted equipment within operational limits and for maintaining a comfortable internal cabin air temperature and humidity. The ITCS will use a combination of cabin fans, cold plates, and a non-toxic working fluid such as water.
The external thermal control system (ETCS) will be responsible for absorbing the heat load from the ITCS, maintaining externally-mounted equipment within operational limits, and for rejecting all waste heat to the lunar environment. The ETCS will use a combination of radiators, sublimators, heat pipes, and a freeze-resistant working fluid such as ammonia.
Habitability & Crew Accommodations Layout
The rover pressure vessel is subdivided into three basic segments: a forward section, a waste and hygiene section, and an airlock and suit stowage section. The forward section is highly reconfigurable to minimize the required volume. The pressure vessel is approximately twelve meters in length and four meters in width and height, in a rounded rectangular configuration. Total pressurized volume is approximately 170 m 3 , of which roughly 60%, or 100 m 3 , is assumed to be net habitable volume, leaving 70 m 3 for stowage and internal equipment. Figure 3 , below, gives a graphical illustration of the pressurized volume layout. The required crew tasks can be accomplished within the limited confines of the rover by efficiently reconfiguring work volumes. The forward section provides seating for up to six crew, as well as rover controls, four support work stations (supporting personal office tasks, IVA support of EVA, as well as robotic system teleoperation), stowage, meal prep/clean-up, and eating. A deployable table facilitates meals, as well as group conferences and seated group recreational activity. Four of the seats can recline into sleep stations, while the other two crew can deploy hammocks to sleep in the corridor between the forward section and the suit maintenance work area. The suit maintenance work area will also contain a deployable work table, with stowage for tools to conduct field repairs and basic cleaning/servicing to the spacesuits. Housekeeping and dust mitigation equipment will also be stowed in this area. Pre and Post-EVA activity is also conducted in this area and in the airlock.
Crew Size
Nominal crew size for the rover is six; however occupancy is driven by mission type, with as few as two, or as many as twelve, as shown in Table 1 . 
EVA and EVA Robotic Assistants Airlock
The Arusha rovers will utilize a traditional two-person airlock. The relative large size of the airlock also allows for more extensive suit cleaning than would be possible in a Suit Lock or Suit Port. The airlock will also serve as storage for two of the suits between surface sorties.
EVA Suits
This paper will not attempt to suggest any EVA suit designs. It is a likely that the current NASA spacesuits will not be used on the lunar surface. Because many of the ongoing research studies favor the Mark 3 or I-suits, they are a safer assumption and this paper will assume that the Arusha spacesuit will be a rear-entry configuration.
EVA Suit and EVA Robotic Assistant Maintenance
Maintenance for surface spacesuits and any robot assistants (person sized or smaller) will be conducted inside the rover in the suit maintenance area, after they have been sufficiently cleaned in the airlock. Diagnostic equipment, tools, and deployable work areas will be stored in this volume as well, to facilitate maintenance and repair work. While nominal maintenance should be conducted at Arusha, it is quite possible that problems may develop during a rover expedition that require immediate attention.
Dust Mitigation
Lunar dust is a significant hazard to all aspects of human lunar operations, with unanswered concerns in the medical community that lunar dust exposure may cause conditions similar to those caused by asbestos exposure. (Kerschmann, 2005) . The primary method to mitigate dust intrusion throughout the rover will be to control its access to the vehicle interior.
Mission-Specific Payloads
In addition to a core configuration, the rover may potentially carry customized payloads for each of its primary missions. Only limited room is available inside the pressure vessel for such payloads, in some cases by removing standard equipment. In general, a trailer or cargo rover will be required to accommodate these payloads.
Conclusion
This work serves only to introduce the design concepts that will be refined over the next several months to define the primary ground transportation element for the Arusha Moonbase. Such a pressurized rover will give base personnel the operational infrastructure necessary to establish an effective, larger-scale human presence on the Moon in the post-Exploration timeframe.
